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Thin ﬁlmThin ﬁlms of vanadium arsenide were deposited via the dual-source atmospheric pressure chemical vapour
deposition reactions of VCl4 or VOCl3 with tBuAsH2. Using the vanadium precursor VCl4, ﬁlms were deposited
at substrate temperatures of 550–600 °C, which were black-gold in appearance and were found to be
metal-rich with high levels of chlorine incorporation. The use of VOCl3 as the vanadium source resulted in
ﬁlms being deposited between 450 and 600 °C and, unlike when using VCl4, were silver in appearance. The
ﬁlms deposited using VOCl3 demonstrated vanadium to arsenic ratios close to 1:1, and negligible chlorine incor-
poration. Films deposited using either vanadium precursor were identiﬁed as VAs using powder X-ray diffrac-
tion and possessed borderline metallic/semiconductor resistivities.
© 2013 Published by Elsevier B.V. Open access under CC BY license.1. Introduction
Bulk transition metal arsenides exhibit a range of potentially
industrially important properties including negative electrode
materials for Li-ion batteries [1] and superconductors [2]. Although
bulk transitionmetal arsenides have beenwell studied [3–5], knowledge
regarding transition metal arsenide thin ﬁlms remains limited although
related nitride [6–11] and phosphide [12–16] ﬁlms have been reported,
most likely due to the availability of suitable volatile precursors. Howev-
er, due to recent advances in precursor technology, research into this
area has been facilitated.
Both single- and dual-source routes have been used in the deposition
of transition metal arsenide thin ﬁlms [17]. Single-source precursors
such as [Co2(CO)6As2] and [Co(CO)2{AstBu2H}(NO)] have been used to
deposit CoAs thin ﬁlms, with consistent ﬁlms also deposited via a
dual-source route using tricarbonylnitrosylcobalt and di-tertiarybutyl
arsine [18]. Other attempts to deposit SnAs and TiAs ﬁlms using
single-source precursors resulted in the deposition of SnO2 and TiO2
ﬁlms respectively [19,20]. However, recently, the dual-source atmo-
spheric pressure chemical vapour deposition (APCVD) reactions of
TiCl4 and tBuAsH2 [21], and [Ti(NMe2)4] and tBuAsH2 [22] have been
reported and resulted in the deposition of TiAs thin ﬁlms. Films obtained
via both routes were highly crystalline with borderline metallic/
semiconductor resistivities.
Following the deposition of TiAs ﬁlms via dual-source APCVD, it
was hoped that a similar methodology could be used to deposit VAs
ﬁlms. Dual-source APCVD routes to VP ﬁlms have already been+44 207 6797463.
ss under CC BY license.reported for the APCVD reactions of VCl4, VOCl3 or [V(NMe2)4] with
CyHexPH2 [23,24] and additionally VOCl3 with P(SiMe3)3 [23]. In
light of the use of the arsenic precursor, tBuAsH2, in the deposition
of TiAs ﬁlms, and the vanadium precursors VCl4 and VOCl3 for the for-
mation of VP ﬁlms, herein we describe the APCVD reactions of VCl4
and VOCl3 with tBuAsH2 resulting in the deposition of VAs ﬁlms.2. Experimental details
2.1. Precursors and substrate
Vanadium (IV) chloride (99.9%, Acros Organic), VOCl3 (99.9%, Alfa
Aesar), and tBuAsH2 (SAFC Hitech Ltd.), were all utilised in APCVD via
containment within stainless steel bubblers. Both the VCl4 and VOCl3
bubblers were ﬁtted with heating jackets set to 100 °C and 55 °C in
all instances, resulting in vapour pressures of approximately 13.3 kPa
and 9.3 kPa, respectively. Due to the high volatility of tBuAsH2 a
heating jacket was not required, with tBuAsH2 being used in all
instances at room temperature, resulting in an approximate vapour
pressure of 24.0 kPa. All reagents were used as supplied, without fur-
ther puriﬁcation.
Depositions were conducted on 90 mm × 45 mm × 4 mm SiCO
ﬂoat-glass supplied by Pilkington NSG, with substrates cleaned
using petroleum ether (60–80 °C) and 2-propanol, and allowed to
air dry prior to use.
Caution: The use of tBuAsH2 could potentially produce highly toxic
AsH3 during the CVD reaction. All experiments were conducted in a
fume cupboard, with the gas from the CVD process treated with a
bleach bubbler to destroy any potential AsH3 present.
Fig. 1. Scanning electron micrograph of the ﬁlm deposited via the APCVD of VCl4 and
tBuAsH2 at 600 °C using a deposition time of 120 s showing the fractured surface
(×1000 magniﬁcation).
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All APCVD experiments were conducted using a horizontal-bed
cold-wall quartz reactor, comprising of a graphite heating block
containing a Watlow cartridge heater, with temperature control
achieved using Pt–Rh thermocouples. The equipment, parameters
and methodology are identical to those previously reported [25].
The APCVD reactions of VCl4 and VOCl3 with tBuAsH2 were inves-
tigated using substrate temperatures of 450–600 °C and deposition
time lengths of either 60 or 120 s. Whilst the APCVD using the vana-
dium precursor VCl4 was only conducted using a 1:2 ratio of VCl4 to
tBuAsH2, reactions using VOCl3 were investigated using 1:2, 1:4 and
1:6 ratios of VOCl3 to tBuAsH2 to determine how a change in ratio
affected the deposited ﬁlms. Exact experimental parameters for the
APCVD reactions are described in Table 1.
Following deposition completion, the CVD chamber and substrate
were allowed to cool to room temperature under a ﬂow of nitrogen.
The substrate plus deposit was then extracted and stored in air.
2.3. Film analysis
Scanning electron microscopy (SEM) analysis was conducted using
a JSM-6301F scanning ﬁeld emission machine with an operating
voltage of 5 keV. X-ray powder diffraction (XRD) patterns were
obtained using monochromatic Cu–Kα radiation on a Brüker AXS D8
discover machine. Wavelength dispersive X-ray (WDX) analysis was
conducted using a Philips XL30ESEM machine. X-ray photoelectron
spectroscopy (XPS) was performed at the University of Nottingham
using a Kratos Axis Ultra DLD spectrometer, using a monochromated
Al Kα (hv = 1486.6 eV) X-ray source. The photoelectrons were
detected using a hemispherical analyser with channel plates and
Delay line detector. The binding energies were referenced to an adven-
titious C 1s 40 peak at 284.9 eV. Raman spectra were acquired using a
Renishaw Raman system 1000, using a helium–neon laser of wave-
length 632.8 nm. The Raman system was calibrated against the
emission lines of neon. Reﬂectance and transmittance spectra were
recorded between 300 and 1200 nm using a Perkin Elmer lambda
950 photospectrometer. Measurements were standardised relative to
a spectralab standard mirror (reﬂectance) and air (transmittance).
Water contact angle measurements were conducted by measuring
the spread of an 8 μl drop of water, and applying an appropriate
calculation.
3. Results and discussion
3.1. Film deposition and visual appearance
The APCVD reaction of VCl4 and tBuAsH2 resulted in the deposition
of black-gold ﬁlms on glass between substrate temperatures of 550–
600 °C (Table 1). The deposited ﬁlms exhibited limited coverage
(~1–2 cm2) and were restricted to the hottest part of the glassTable 1
Experimental conditions used to deposit ﬁlms via the APCVD of vanadium precursor (VCl4
Film Substrate
temp, °C
N2 ﬂow rate through vanadium
precursor bubbler, L/min (mol/min)
N2 ﬂow
L/min; (
VCl4 1 550 0.1; (0.000621) 0.1; (0.0
2 550 0.1; (0.000621) 0.1; (0.0
3 600 0.1; (0.000621) 0.1; (0.0
4 600 0.1; (0.000621) 0.1; (0.0
VOCl3 5 550 0.15; (0.000614) 0.2; (0.0
6 550 0.15; (0.000614) 0.3; (0.0
7 550 0.15; (0.000614) 0.1; (0.0
8 550 0.15; (0.000614) 0.2; (0.0
9 600 0.15; (0.000614) 0.2; (0.0substrate (centre of the substrate) which is approximately 25 °C
hotter than at the substrate edge. The appearance and limited deposi-
tion of the ﬁlms was found to be consistent with VP ﬁlms deposited
via the APCVD of VCl4 or VOCl3 with CyHexPH2, and additionally VP
ﬁlms deposited via the APCVD of VOCl3 with P(SiMe3)3 [23].
In contrast to ﬁlms deposited using VCl4, when using the vanadium
precursor VOCl3, ﬁlm deposition was observed for substrate tempera-
tures between 450 and 600 °C. Films deposited at temperatures
lower than 450 °C were however poor in quality, and as such, only
ﬁlms deposited at substrate temperatures of 550 and 600 °C were in-
vestigated in detail. In contrast to the black-gold ﬁlms deposited from
VCl4, VOCl3 produced ﬁlms which were silver in appearance and highly
reﬂective. These ﬁlms were consistent in appearance to VP ﬁlms depos-
ited via the APCVD of [V(NMe2)4] and CyHexPH2 [24].
Side-on scanning electron microscopy (SEM) was used to deter-
mine ﬁlm thickness and hence approximate deposition rates for the
ﬁlms. A deposition rate of ~100 nm min−1 was calculated for
APCVD depositions of VCl4/tBuAsH2 and ~50 nm min−1 when using
VOCl3/tBuAsH2. This observed decrease in deposition rate on changing
from VCl4 to VOCl3 is consistent with that obtained for the APCVD
deposition of VP using VCl4 or VOCl3 and CyHexPH2 [23].
SEM was also used to determine the morphology of the deposited
ﬁlms. A fractured ﬁlm surface was observed from the SEM of the ﬁlm
formed from VCl4 and tBuAsH2 at 600 °C, which consisted of roughly
spherical agglomerates approximately 100 nm in size (Fig. 1). In
contrast, all ﬁlms deposited using VOCl3 and tBuAsH2, exhibited contin-
uous material deposit, with good substrate coverage (Fig. 2). However,
the ﬁlms also consisted of roughly spherical agglomerates approxi-
mately 100 nm in size, consistent with an island growth mechanism,
as seen with previously deposited TiAs ﬁlms [21,22].or VOCl3) and tBuAsH2.
rate through tBuAsH2 bubbler,
mol/min)
Plain line ﬂow, L/min; Mixing
chamber temp, °C
Deposition
time, secs
0128) 4; 130 60
0128) 4; 130 120
0128) 4; 130 60
0128) 4; 135 120
0257) 4; 125 60
0385) 4; 130 60
0128) 4; 125 120
0257) 4; 130 120
0257) 4; 130 60
Fig. 2. Scanning electron micrographs of ﬁlms deposited via the APCVD of VOCl3 and
tBuAsH2 at 550 °C using a VOCl3 to tBuAsH2 ratio of 1:4 and deposition times of 60
(a) and 120 s (b) (×10,000 magniﬁcation).
Vanadium Arsenic Chlorine
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The X-ray powder diffraction of ﬁlms deposited using either VCl4
or VOCl3 as vanadium precursors produced consistent diffractograms
(Fig. 3). Peaks were observed at approximately 32.6, 34.2, 41.2, 42.5,
46.0, 49.1, 50.2, 51.6, 55.0, and 56.7 2θ/° consistent with the forma-
tion of VAs [26]. In addition to these peaks, a broad peak at approxi-
mately 22° and a peak at approximately 38.8° were also observed in
the diffractograms. The peak at 22° was attributed to the underlyingFig. 3. Typical X-ray powder diffraction patterns for ﬁlms deposited via the APCVD of
VCl4 (black) and VOCl3 (grey) with tBuAsH2 with comparison to a reference VAs
diffractogram of bulk material.glass substrate, however due to the lack of other associated peaks,
the peak at 38.8° could not be attributed to a particular species, how-
ever it was likely to be due to a vanadium or arsenic oxide species.
In order to determine and compare the elemental compositions of
the ﬁlms, wavelength dispersive X-ray (WDX) analysis was employed
(Fig. 4). All ﬁlms deposited using VCl4 were found to be vanadium
rich and demonstrated variable elemental ratios depending on the
speciﬁc deposition conditions. On comparing ﬁlms deposited using
VCl4 at the same substrate temperature but different deposition
time length (ﬁlm 1 vs. 2, and 3 vs. 4) large differences between the
vanadium to arsenic ratios were observed, which is likely due to the
relative thickness of the VOx layer due to ﬁlm oxidation. Additionally,
although chlorine incorporation was found to be negligible in VP
ﬁlms deposited via the APCVD of VCl4 and CyHexPH2 [23], ﬁlms depos-
ited here using VCl4 and tBuAsH2 exhibited high levels of chlorine
incorporation (approximately 5–11 atm.%). Although this was incon-
sistent with previously reported VP ﬁlms, this relatively high level of
chlorine incorporation was comparable with that previously reported
for the deposition of TiAs ﬁlms via the APCVD of TiCl4 and tBuAsH2
[21]. Films deposited using VOCl3 were found to be slightly arsenic
rich with vanadium to arsenic ratios close to 1:1 (Fig. 4). In contrast
to ﬁlms deposited using VCl4, the ﬁlms demonstrated negligible chlo-
rine incorporation, consistent with that previously reported for VP
ﬁlms deposited using VOCl3 and CyHexPH2 [23].
X-ray photoelectron spectroscopy (XPS) was conducted on ﬁlm 4
(ﬁlm deposited using the vanadium precursor VCl4) and ﬁlm 7 (ﬁlm
grown using VOCl3). For ﬁlm 4, after etching through the surface
layer three vanadium environments were detected at 516.5, 515.3
and 513.9 eV. The peak at 516.5 eV is consistent with literature
values for V2O5 (~517 eV) [27,28]. The peak at 513.9 eV was found
to be comparable to that previously attributed to VP [23,24] and the
peak at 515.3 eV was assigned to a vanadium arsenate [21], however
as there is an overlap of the As 3d ionisation peaks with that of V 3d
peaks, assignment of corresponding As 3d5/2 was not possible. Two
major O 2p ionisations were observed at 530.3 and 532.1 eV, being
consistent with that expected for V2O5, and SiO2, respectively. Addi-
tionally, a small Cl 1s ionisation peak was observed at 199.7 eV,
which is consistent with the observation of Cl incorporation from
WDX analysis. Similarly for ﬁlm 7, three vanadium environments
were detected at 514.4, 515.6 and 516.5 eV assigned to vanadium ar-
senide, vanadium arsenate and V2O5, respectively. Overall, 75% vana-
dium species was bound to arsenic in a roughly 1:2 ratio of arsenide
to arsenate with 25% of the ﬁlm being V2O5 at/near the surface. This
is comparable to previous reports on TiAs thin ﬁlms, which also0%
20%
40%
60%
80%
100%
1 2 3 4 5 6 7 8 9
A
to
m
ic
%
VCl4 VOCl3
64
24.6
11.4
73.8
19.6
6.6
67.5
27.7
4.8
56.1
33.8
10.1
49.1
50.6
47.7
52.2
42.5
56.9
41.2
58.4
45.2
53.4
Fig. 4. Schematic representation of atomic percentage compositions for ﬁlms deposited
via the APCVD of VCl4 and VOCl3 with tBuAsH2.
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Fig. 6. Reﬂectance data for VAs ﬁlms deposited via the APCVD of VOCl3 and tBuAsH2
using a range of substrate temperatures, deposition times, and VOCl3 to tBuAsH2 ratios.
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um oxide [21].
In comparison to ﬁlm 4, ﬁlm 7 (ﬁlm deposited via the APCVD of
VOCl3 to tBuAsH2) demonstrated similar V 2p3/2 ionisation environ-
ments at 516.5, 515.2 and 514.4 eV, which were attributed to V2O5
[27], V2O3 [28] and VAs [23,24], respectively. In addition, the O 2p
ionisation had two major peaks at 530.2 and 532.0 eV, again consis-
tent with the presence of V2O5 or V2O3, and SiO2 respectively. Unlike
when using the vanadium precursor VCl4, a barely detectable Cl 1s
was observed, supporting the WDX results of the ﬁlm, which indicat-
ed negligible chlorine incorporation.
Raman microscopy was conducted on ﬁlms deposited via both the
APCVD of VCl4 and VOCl3 with tBuAsH2. For ﬁlms deposited using the
vanadium precursor VCl4 two distinct Raman patterns were observed.
When using VCl4 and a deposition time of 60 s ﬁlms exhibited intense
broad peaks at approximately 499 and 680 cm−1, which is consistent
with the formation of V2O5 [29]. However, when using VCl4 with a de-
position time of 120 s these characteristic vanadium oxides peaks
were not observed. Instead, the ﬁlms exhibited broad peaks at ap-
proximately 226, 933 and 988 cm−1, which could be attributed to
the formation of VAs. However, the Raman spectra for VAs have not
been reported previously and are presented in Fig. 5 for these ﬁlms.
Unlike that observed for ﬁlms deposited using the vanadium pre-
cursor VCl4, no ﬁlms deposited using VOCl3 produced Raman patterns
consistent with the formation of V2O5. All patterns were found to be
consistent with that observed for ﬁlms deposited using VCl4 with de-
position times of 120 s, and again were attributed to VAs (Fig. 5).3.3. Film properties
All obtained ﬁlms, regardless of which vanadium precursor was
used, demonstrated good substrate adherence. All ﬁlms passed the
Scotch-tape test, with the ﬁlm deposited at 600 °C for 60 s using
VOCl3 (ﬁlm 9) being the only ﬁlm to pass the steel stylus test, thereby
demonstrating a ﬁlm hardness greater than that previously reported
for VP [23], and of a similar hardness to TiAs [21]. All ﬁlms demon-
strated borderline metallic/semiconductor-like conductivities, with
resistivities in the range of 200–400 μΩ·cm, similar to that previously
reported for both VP [24] and TiAs [21,22].
All tested ﬁlms exhibited decreased reﬂectivity within the IR re-
gion, with a slight increase in reﬂectivity within the UV (~400 nm).
No difference in reﬂectivities was observed for ﬁlms deposited using
the same conditions but different precursor ratios, however it was
noted that on comparing ﬁlms 5 and 8 (deposition temperature of
550 °C, VOCl3:tBuAsH2 = ~1:4, and deposition times of 60 and
120 s respectively) an increase in reﬂectivity was observed for the
ﬁlm deposited for 60 s (ﬁlm 5), as shown in Fig. 6. As mentioned100 300 500 700 900 1100 1300 1500
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Fig. 5. Comparison of typical Raman spectra for VAs ﬁlms deposited via the APCVD of
VOCl3 and tBuAsH2 and VCl4 and tBuAsH2.previously, WDX results indicated that the vanadium to arsenic
ratio in ﬁlm 5 was closer to 1:1, and as such, the higher reﬂectance
observed in ﬁlm 5 was considered to be a truer property of VAs
ﬁlms. VAs ﬁlms deposited using VOCl3 were found to exhibit lower
transmittance over the range of 1200–300 nm than that reported
when using VCl4, this is indicative of the thicker ﬁlms deposited
when using VOCl3.
Water contact angles between 30 and 45° were observed for ﬁlms
deposited using VCl4 at 550 °C (ﬁlms 1 and 2), with these low contact
angles thought to be due to the high levels of ﬁlm oxidation. Similarly,
for ﬁlms deposited using VCl4 at 600 °C (ﬁlms 3 and 4), smaller contact
angles (25–75°) were observed for the ﬁlms deposited for 120 s (ﬁlm
4) compared to that deposited for 60 s (85–95° for ﬁlm 3); this again
was attributed to higher degrees of oxidation in ﬁlm 4. Films deposited
using VOCl3 displayed higher contact angles (40–75°) than those
reported when using VCl4, which was due to the low levels of ﬁlm ox-
idation when using VOCl3, and consistent with those previously
reported for TiAs ﬁlms [21,22].4. Discussion
The results described above show that the vanadium precursor
used had a signiﬁcant effect on the stoichiometry and quality of the
ﬁlms produced. The APCVD experiments show that using VCl4 as
the vanadium precursor led to vanadium-rich VAs ﬁlms probably
due to the co-formation of a vanadium oxide under some conditions
with signiﬁcant contamination by chlorine. Powder XRD indicated
that the ﬁlms were VAs, however, compositional analysis revealed
the presence of contaminants (Cl) and non-stoichiometric nature of
the ﬁlms. Vanadium oxychloride (VOCl3) was found to be a much bet-
ter precursor for the APCVD of vanadium arsenide thin ﬁlms. The
ﬁlms produced from VOCl3 and tBuAsH2 had an arsenic to vanadium
ratio close to 1 and negligible contamination from chlorine. Powder
XRD and Raman analysis were consistent with the formation of VAs
and the ﬁlms had a silver appearance. These results can be compared
to previous APCVD work on vanadium phosphide where limited ﬁlm
growth could be produced using VCl4 (and CyhexPH2), whereas VP
thin ﬁlms were produced using VOCl3 [23]. These vanadium phos-
phide ﬁlms were similar in appearance to the arsenide ﬁlms, de-
scribed herein from VCl4 and tBuAsH2. In contrast, and somewhat
surprisingly, the ﬁlms deposited from VOCl3 and tBuAsH2 were
more consistent in appearance (silver) to higher quality VP ﬁlms de-
posited via the APCVD of [V(NMe2)4] and CyHexPH2 [24]. The high
level of chlorine incorporation in the VCl4/tBuAsH2 ﬁlms is compara-
ble with that previously reported for the deposition of TiAs ﬁlms via
the APCVD of TiCl4 and tBuAsH2 [21].
We have previously used VOCl3 as a precursor in CVD, primarily
for the formation of vanadium oxide [29] and oxynitride [30] ﬁlms
at temperatures below 650 °C. Higher temperatures (above 800 °C)
175T. Thomas et al. / Thin Solid Films 537 (2013) 171–175are typically required when using VOCl3 to fully eliminate oxygen and
produce pure ﬁlms, such as vanadium nitride [31] or vanadium bo-
rides [32]. However, we have shown here that VOCl3 is an effective
precursor and APCVD is a good method for forming VAs ﬁlms.
5. Conclusions
VAs ﬁlms have been deposited via the APCVD reactions of both
VCl4 and VOCl3 with tBuAsH2. Crystalline VAs ﬁlms were deposited
via the APCVD of VCl4 and tBuAsH2 at substrate temperatures of
550–600 °C. The ﬁlms were black-gold in appearance, and demon-
strated limited substrate coverage, which was consistent with that
reported for VP ﬁlms. The ﬁlms were found to be metal-rich, with
high levels of chlorine incorporation, and demonstrated borderline
metallic/semiconductor resistivities.
Films deposited when using the vanadium precursor VOCl3 were
silver in appearance, and were deposited between the substrate
temperatures of 450–600 °C. The ﬁlms demonstrated good substrate
coverage, were typically slightly arsenic-rich with a V:As ratio close to
1 and contained negligible chlorine incorporation. Similarly to when
using VCl4, the ﬁlms exhibited borderlinemetallic/semiconductor resis-
tivities, consistent with previously reported TiAs ﬁlms.
All ﬁlms were VAs from powder X-ray diffraction, with extra peaks
believed to be due to the presence of vanadium oxide species. Reﬂec-
tance, transmittance and water contact angles of the ﬁlms were consis-
tent with those previously reported for TiAs.
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